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Introduction 48
A c c e p t e d M a n u s c r i p t 7 drops from the inside of the lid. Swabs were inverted and samples were eluted by 150 centrifugation at 8'000 X g for 1 min. Swabs were then discarded, and 140 l of the 151 whole eluate were used for extraction of total nucleic acids. 152
For study 2 (transmission experiment), 1 ml of blood was collected from 8 SPF 153 cats using the closed collection system K 3 EDTA S-Monovette (Sarstedt, Nümbrecht, 154 Germany). Blood was collected weekly, starting from week 0 (no exposition to feces) 155 until week 12, and at weeks 18 and 26. 156
For both experiments, plasma was obtained by centrifuging blood at 2300 X g, 157 for 10 min. Blood and plasma samples were immediately frozen at -80°C until they 158 were processed. 159
160

Nucleic acid extractions 161
One million blood leukocytes were used for DNA extraction using A c c e p t e d M a n u s c r i p t 8 obtained by nucleic acid extraction were used in each reaction. Primers, probe and 176 assay conditions were as described (Tandon et al., 2005) . The detection limit of the 177 assays were determined using serial 10-fold dilutions of purified DNA and RNA from 178 FEA/FeLV-A, -B, and -C spiked into a given sample (sample extracted either from 179 blood, plasma or rectal specimens). The results obtained were compared to a 180 standard curve. In the case of FeLV DNA detection in blood and rectal swabs, the 181 lower limit of sensitivity was one proviral molecule per PCR reaction. For FeLV RNA 182 detection, the RT-PCR procedure had a detection limit of 4.93 log10 copies/ml for 183 plasma RNA and 3.16 log10 copies/RT-PCR reaction for fecal RNA, which cannot be 184 compared directly as amounts of material in rectal swabs are not precisely 185 FeLV p27 antigen was detected by a sandwich ELISA, as previously described 209 (Lutz et al., 1983) . Results are represented as percentages of absorbance in 210 comparison to a positive control, FL-74 feline lymphoblastoid cell culture supernatant 211 (Cockerell et al., 1976) , which was considered to be 100%. In this study, p27 values 212 above 5% were considered to be positive. Cats positive for p27 in plasma were 213 considered to be antigenemic. 214
215
Measurement of anti-FeLV IgG in plasma 216
We detected anti-FeLV IgG in plasma, using ELISA wells coated with 217 200 ng/well of gradient-purified FL-74 FeLV under conditions previously described 218 (Lutz et al., 1980) . Samples were analyzed in duplicate and the absorbances were 219 read using a microplate reader. For study 1, the results were calculated as the ratio 220 of the mean optical density (OD) in comparison to the mean OD of a serum pool of 221 the same 24 cats before inoculation with FeLV. In the case of study 2, the 222 transmission study, ratios were calculated using the individual ODs obtained pre-and 223 post-exposition to feces containing infectious FeLV. Ratios below 1.00 were 224 considered negative for the presence of FeLV-specific antibodies. In addition, for the 225 transmission experiment, Western blotting analysis (WB) was performed asA c c e p t e d M a n u s c r i p t nitrocellulose strip. We analyzed samples from weeks 0 (before experiment begin) 228 and 18. 229
230
In vitro virus isolation from rectal swabs and plasma 231
Virus was isolated by cell culture assay from rectal swabs and plasma 232 specimens from cats from study 1 as described by Jarrett and Ganiere (Jarrett and 233 Ganiere, 1996), with few modifications (Gomes-Keller et al., 2006). Rectal swabs 234 were obtained from 21 experimentally infected cats as described above (same 24 235 cats cited above; 3 animals were not sampled), but swabs were immediately placed 236 into a 1.5 ml-microcentrifuge tube containing 500 μl of cell culture medium. Swabs 237 were processed essentially as described (Gomes-Keller et al., 2006). The 238 supernatant was filtrated into a sterile 1.5 ml-microcentrifuge tube using a syringe-239 driven filter unit (Millex-HV filter unit, 0.45 m, Millipore Corporation, Bedford, MA). 240
Three hundred and fifty microliters of the filtrate were used for the infection of QN10S 241 cells. Alternatively, 200 l of lithium heparin plasma were used for inoculation of 242 QN10S cells. Two hours after inoculation, the supernatant was replaced by fresh 243 medium. Development of cytopathic effects (CPE) was monitored daily. Supernatants 244 were tested on days 0, 10 and 18 post-inoculation by the detection of p27 in 245 supernatant using ELISA, and by RT-PCR using total nucleic acids extracted from 246 200 μl of cell supernatant as described above. Medium was replaced by 50% once a 247
week. 248
To test whether infectious virus was found in feces present in the litter pan of 249
FeLV persistently infected cats, we randomly collected 1 g of 20 different fecal 250 samples, being 10 collected in the morning and 10 collected in the afternoon. Fecal 251 samples were resuspended in cell culture medium, and incubated for 10 min at RT. 252 M a n u s c r i p t DNA was detected by real-time PCR as described above, using 800 ng of total DNA 264 per reaction. For every eight cat samples, one water sample was co-extracted and 265 tested by real-time PCR as negative control for extraction. In addition, four water 266 samples were included in each 96-well real-time PCR plate to detect any possible 267 contamination due to pipetting and processing. 268
In addition, we collected under sterile conditions samples from mesenteric 269 lymph node, urinary bladder, lung, thymus, spleen, and duodenum for virus isolation. 270
Tissue samples were processed and co-cultured with QN10S cells, in an attempt to 271 isolate small quantities of FeLV. Assay conditions were as described (Jarrett and 272 Ganiere, 1996), but tissue samples were cocultured with QN10S cells for 10 days, 273 instead of being removed after an initial incubation of approximately 2 h. 274 For the transmission study (study 2), feces from the same 8 FeLV persistently 316 infected cats cited above were spread over the litter pan in a room housing 8 naïve, 317 SPF cats. The procedure was performed daily in the morning and in the afternoon, 318 for a period of 26 weeks. We observed that, after the spread of the feces, naïve cats 319 entered in contact with the infected material as they immediately covered the 320 deposited feces with litter. In this manner, we could assure that naïve cats were 321 exposed twice daily to infectious virus present in the feces of persistently infected 322
cats. 323 324
Stability of total nucleic acids in rectal swabs 325
The stability of total nucleic acids over time was monitored in rectal swabs 326 collected from experimentally FeLV infected cats known to be shedding virus in the 327 feces by cell culture assay. Rectal swabs were stored at room temperature, and We subsequently investigated the presence of RNA and DNA in blood 339 specimens and rectal swabs of experimentally FeLV infected cats from study 1. We 340 were able to confirm infection of all 24 cats by detecting provirus in whole blood by 341 real-time PCR (Table 1) tested. This implies that negative results obtained for rectal swabs were not due to 361 the presence of elements, which might inhibit the efficient RNA extraction and 362 amplification, but rather due to the absence of FeLV RNA or too low amounts, not 363 detectable by our assay. 364
Cats from the study 2 (transmission study) did not become provirus positive in 365 any week tested (data not shown). Considering that our assay is able to detect one 366 copy per PCR reaction, we believe that these cats did not harbor FeLV in cells from 367 whole blood or the amount of FeLV present was below our detection limit. Similarly, 368
we were also not able to detect RNA in plasma of these cats at any occasion tested. 369 370
Detection of p27 in plasma 371
Plasma samples were also assayed for the presence of p27 using a sandwich 372 ELISA. In study 1, the antigen p27 was detected in plasma of 22 (91.5%) of the 24 373 cats tested, indicating an antigenemic state. There was a positive correlation 374 between levels of p27 in plasma and RNA (Spearman's correlation coefficient r S = 375 0.662, P = 0.0015), and DNA (Spearman's correlation coefficient r S = 0.534, P = 376 0.0105, Table 2 ) from rectal swabs. On the other hand, there was no correlation 377 between proviral load or FeLV RNA in plasma, and levels of plasma p27. Latently 378 infected cats (cats 24 and 68), with no detectable levels of p27 and plasma viral 379 RNA, tested negative for the presence of both RNA and DNA in rectal swabs. 380
We were not able to detect p27 at any occasion in cats from the transmission 381 study (study 2, data not shown). Either these cats did not become antigenemic or the 382 levels of p27 in the circulation were below the detection limit from our assay.
Detection of FeLV-specific IgG in plasma 385
The levels of FeLV-specific IgG were determined by ELISA in plasma. In study 386 1, the levels of FeLV-specific IgG in plasma of the 24 experimentally FeLV-infected 387 cats showed a strong negative correlation with proviral load (Spearman's correlation 388 coefficient r S = -0.865, P < 0.0001) and with plasma RNA load (Spearman's 389 correlation coefficient r S = -0.865, P < 0.0001). In addition, we also observed a strong 390 negative correlation between the antibody levels in plasma and the RNA load 391 At week 26 of feces exposure, cats from the transmission study (study 2) were 437 euthanized, and different tissue samples were collected and analyzed for the 438 presence of FeLV DNA sequences. In cats J1 and J2, which did not seroconvert, we 439
were not able to detect FeLV DNA in any tissue examined. However, although we 440 were also not able to detect seroconversion in cat F1, we were able to amplify viral 441 DNA sequences in rectum, parotid gland and aorta. In cats that seroconverted (G1, 442 G2, G3, I1 and I2), we found FeLV DNA in different tissues, such as aorta, 443 diaphragm and myocardial muscles, thymus, popliteal lymph node, rectum, urinary 444 bladder, thyroid, mandibular gland and lungs. The copy numbers were in average 445 very low (2.5 copies/reaction). We were not able to detect viral DNA in tissue 446 samples from the following organs: bone marrow, spleen, liver, kidneys, brain 447 (cortex), spinal cord, ischiadic nerve, mesenteric, submandibular and sternal lymph 448 nodes, tonsils, duodenum, jejunum, ileum, colon, and thigh muscle. Water samples 449 co-extracted together with cat tissue samples and water negative controls added to 450
real-time PCR plate tested negative for FeLV-specific DNA. 451
We also attempted to isolate infectious FeLV from mesenteric lymph node, 452 urinary bladder, lungs, thymus, spleen and duodenum. However, we were not 453 successful in isolating virus from any of these tissues. and DNA are very stable at RT, considering that we were able to detect FeLV nucleic 520 acids in rectal swabs stored for at least 42 days, even though very high 521 concentrations of RNases appear to be present in fecal specimens. However, if we 522 compare the collection of buccal swabs with the one of fecal swabs, it is 523 comprehensible that saliva samples are easier to collect than rectal swabs. 524
Nevertheless, the use of fecal swabs, rather than crude feces, due to the presence of 525 large amounts of debris in the latter ones, remains an additional alternative as clinical 526 sample that can be used for the diagnosis of FeLV. When this clinical specimen is 527 used for diagnosis, it is important to keep in mind that cats with access to outdoors 528 should necessarily be sampled by using rectal swabs, considering that feces from 529 these animals are rarely available for collection. In addition, in a multiple cat 530 household, collection of feces from a litter pan leads to cross-contamination with 531 samples originating from different cats. Therefore, collection of individual rectal 532 swabs avoids the risk of a false diagnosis. 533
Infectious virus was isolated from 17 (81%) fecal and plasma samples out of 534 21 tested. All 21 cats tested positive for the presence of provirus in whole blood, 535 confirming infection with FeLV. Nineteen cats out of 21 (90.5%) tested positive for the 536 presence of both FeLV RNA and DNA in rectal samples, as well as for the presence 537 of viral RNA and p27 in plasma. Therefore, the presence of FeLV RNA in feces doesM a n u s c r i p t 22 not absolutely reveal the production of infectious virions by intestinal and colonic 539 epithelia. This is reflected by the fact that we were not able to isolate infectious virus 540
from two cats, which tested positive for the presence of FeLV RNA in feces. 541
However, the fact that virus was detected in rectal samples and concomitantly in 542 plasma of 81% of the cats tested demonstrates that fecal shedding is a frequent 543 feature of the infection. The reason why we were not able to isolate infectious virus in 544 rectal swabs and plasma from two cats, which tested positive for the presence of 545
FeLV RNA in both specimens, could be the presence of virus neutralization activity in 546 these samples. Nevertheless, this possibility remains to be determined. This study 547 confirms that antigenemia (presence of p27 in plasma) is a good marker for infection 548 but a less reliable marker for viremia. We were not able to detect either FeLV RNA in 549 plasma or isolate infectious virus from plasma from two cats testing positive for the 550 presence of p27, indicating that antigenemia is not a synonym for viremia. 551 This is the first study to show that feces from persistently infected cats harbor 552 an infectious potential to susceptible cats. However, it appears that viral load present 553 in feces exposed to environmental conditions is relatively low, leading to a novel 554 outcome, in which cats only seroconvert, indicating infection, but virus replicates at 555 very low levels, below the detection limit of very sensitive molecular assays. Based 556 on this outcome, we can conclude from our results that the bone marrow was not 557 successfully infected by FeLV, considering that cats tested always negative for the 558 presence of viral DNA in whole blood. In addition, we could not detect FeLV in bone 559 marrow samples from any of the 8 cats tested. The likelihood that all cats have been 560 exposed to the virus is high, because we could observe that all cats equally entered 561 in contact with feces harboring infectious virus. The level of antibodies remained low. 562
This could be associated to either a limited initial viral replication (undetectable to our 563 assay), or to a weak immune response directed to the viral particles present in theM a n u s c r i p t 23 feces. We were not able to test in this study whether the antibodies found possessed 565 neutralizing activity. Interestingly, we were only able to detect seroconversion to p12 566 and p15 by WB analysis. In a previous experiment, we observed that antibodies to 567 these two proteins appear very early after FeLV experimental infection (week 4 post-568 challenge) and last, in some individuals, up to week 98 (M. A. Gomes-Keller and H. 569
Lutz, unpublished data). However, in this previous experiment, it appears that 570 antibodies specific to p12 and p15 were not protective. 571
Although positive findings for seroconversion in a small population are difficult 572 to generalize, our results suggest that infection with FeLV can occur by exposing 573 susceptible cats to feces containing infectious virus, leading to solely development of 574 a weak humoral response. However, virus was not completely eliminated, 575
considering that we were able to find FeLV DNA sequences in a number of tissue 576 samples from the euthanized cats. In an attempt to isolate infectious virus from 577 mesenteric lymph node, urinary bladder, lungs, duodenum, spleen and thymus, we 578
were not able to obtain a positive result. Tissues for virus isolation were collected at 579 the same time as tissues for DNA isolation, and there were no means to know which 580 samples were positive for the presence of DNA before sample collection. With the 581 exception of thymus, we were not able to find DNA in any other tissue used for virus 582 isolation. In addition, the number of DNA copies found in a single positive thymus 583 sample was very low (1.21 copies/reaction). Thus, it appears that the presence of 584 very low copy numbers of DNA in a certain tissue or its complete absence could be 585 the reason for a negative result in vitro for virus isolation. In addition, our PCR assay 586 amplifies both integrated and unintegrated FeLV DNA sequences. For viral 587 replication, DNA must integrate before transcription can take place. The FeLV DNA 588 sequences found in different tissues could originate from unintegrated DNA, justifying 589 the negative result obtained. Low copy numbers could also be explained by The present study raises some important points. First, the fact that FeLV RNA 597 and DNA, and infectious virus are consistently shed in feces of persistently viremic 598 cats, and that susceptible cats exposed to these feces seroconvert, demonstrates a 599 role of feces in the transmission of the virus. Although this route of transmission 600 appears to have a secondary importance, when compared to saliva, special care 601 should be taken when handling litter pans. However, to utterly evaluate the potential 602 for contact transmission via feces, the minimum dose required leading to infection of 603 susceptible cats, the duration and the titers of fecal shedding by persistently infected 604 cats remain to be determined. Second, the finding that FeLV nucleic acids and 605 infectious virus are shed in feces from persistently viremic cats, but not from latently 606 infected cats, i.e. cats testing positive only for the presence of provirus in whole 607 blood, but negative for p27 in plasma, provides a better understanding of the FeLV 608 epidemiology. This finding confirms that latently infected cats may not pose a direct 609 risk to susceptible cats at the time of proviral determination. Nevertheless, under 610 stressful conditions or coinfections, the infection may be reactivated, and latently 611 infected cats could become viremic. Finally, we were able to detect a novel outcome 612 of FeLV, which resulted to the exposition of susceptible cats to very low loads of the 613 virus. Whether this outcome has clinical importance or contributes to the 614 pathogenesis of FeLV remains to be defined. However, considering that these cats 615 tested negative for the presence of DNA and RNA in blood, and that the only signs feline lymphoblastoid cell culture supernatant), which was considered to be 100%. 738
The four cats found to be negative in RT-PCR and p27 ELISA were identical. 739
A c c e p t e d M a n u s c r i p t M a n u s c r i p t M a n u s c r i p t Responses to other FeLV proteins could not be detected in our assay. WB analysis was performed at week 18 of exposition; plasma samples collected at week 0 (no exposition to FeLV-infected feces) tested negative for the presence of anti-FeLV antibodies.
